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High temperature polyarylene networks produced through the step-growth thermal
cyclopolymerization of mono-ortho-diynylarene (MODA) and bis-ortho-diynylarene (BODA)
monomers have been shown to produce high yielding glassy carbon once pyrolyzed at 1000 °C.
In this study the homo- and co-polymerization of both monomers will be studied, and the effects
of copolymer composition on the processability when applied to carbonization and carboncarbon composites. The carbon products from these high temperature polymer matrices will also
be characterized. MODA and BODA are prepared through a Sonogashira coupling reaction and
are polymerized through a heat-initiated Bergman Cyclization reaction mechanism. This work
seeks to show how BODA-MODA copolymers can attenuate current composite processing
limitations, and improve mechanical properties while retaining high temperature properties
including high carbon yields.
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CHAPTER I
INTRODUCTION
1.1

Introduction to Polymer Matrix Composites
Polymer matrix composites (PMC) are comprised of a continuous polymer phase

reinforced by high modulus or stiff additives such as chopped ceramic, glass, or fiber usually
composed of silica, stiff polymer, or carbon. Carbon fiber polymer matrix composites are
composed of a polymer matrix and are reinforced by carbon fibers which are much stiffer higher
modulus and much stronger than the matrix. These are more attractive than conventional
materials because they are lighter, stiffer, and stronger.1-2 One of the biggest advantages is that
their properties can be tailored to the application they will be used for. There are several different
kinds of fibers used in composite applications those include different kinds of glass and carbon
or graphite, boron, silicon carbide, aramids, chopped fiber, and also polyethylene.3-4 For
industries such as the military and aerospace, high-performance fiber reinforced composites are
highly sought after and are in high demand.5-6 The properties of the composites not only depend
on the reinforcement of the fiber, but also on the polymer matrix. Polymer matrix composites are
made up of thermosets or thermoplastic matrix resins which are reinforced by various fibers,
which are much stronger and stiffer than the matrix.3, 7-8 Figure 1.1 below shows the relative
strength versus density of various materials including composites.9 Polymer matrix composites
have over time established themselves in structural materials. This resulted mainly from the
introduction of high-performance fibers combined with the polymer matrix.10
1

Figure 1.1

Strength vs. Density

This chart shows the strength vs. density for various materials9 Image taken from Material selection and
processing. http://www-materials.eng.cam.ac.uk/mpsite/default.html (accessed June 3, 2020).

1.1.1

Thermoplastics vs. Thermosets
Thermoplastics are materials that when softened by heat, re-harden when

cooled.10 Thermoplastics are not crosslinked and can be semi-crystalline combined with
amorphous regions within its morphology. Thermoplastics are generally tougher and more
ductile than thermoset resins.2 Since thermoplastics do not crosslink and are flexible, they can
easily take form by melting or thermoforming above the glass transition temperature.10 The most
common thermoplastics include polyethylene, polyester, nylon, polypropylene, and poly(etherether-ketone). A more complete list of thermoplastics and their properties are shown in Table 1.1
below.2 Over the years the production of plastics has significantly increased and has led to
problems regarding how plastics are discarded after use, which many have accumulated as waste
2

in landfills and also found their way in natural habitats around the world. 11 The traditional
methods for recovering thermoplastics are by recycling and incineration. The incineration route
poses problems due to toxic gases and contain traces of lead and other metals.11-12 Recycling on
the other hand has many benefits, which specifically tackles the environmental problem of
plastics accumulating in landfills and in natural habitats. There are a few ways thermoplastics
can be recycled and those are primary, secondary and feedstock or chemical recycling.11-12
Primary recycling is the simplest and low cost of the three methods.12-13 This involves the reuse
of products with its original structure, the downside of this is that there is limited number cycles
for each material.11, 13 Secondary recycling is when the plastic can be re-melted and reused into
other end products which, during this process, there is no alteration to the polymer.13 The last
method is a chemical recycling method where the polymers are broken down to their
corresponding monomers or partially depolymerized, then monomers can then be used in new
polymerizations to produce new end products.11-13 This method is still being developed and many
have taken on this research to develop more suitable conditions for commercial scale
applications.11-13
Table 1.1

Properties of common Thermoplastics
Resins

Polypropylene
Polyethylene
Nylon
Poly(ether ether ketone)
Polyetherimide

Density
(g/cm3)
0.90
0.90 - 1.0
1.1
1.3 – 1.35
1.27

Tensile Modulus
(GPa)
1 – 1.4
0.7 – 1.4
1.3 – 3.5
3.5 – 4.4
3

Tensile Strength
(MPa)
25 – 38
20 – 35
55 – 90
100
105

Taken from “Savage, E., Carbon-Carbon Composites. Springer Netherlands: 1993; Vol. 1, p
389.”
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Unlike thermoplastics, thermosets are crosslinked polymers that are usually cured using
heat with or without catalyst or initiators; and once cured do not return their original form nor
can they be re-melted.2 The more crosslinked the polymer is the more thermally stable the
material becomes.3 Thermosets generally have higher heat tolerance than compared to
thermoplastics.3 The key for making composites lies in the processability which comes from the
resin being liquid at the start process temperature and as it is heated it begins to crosslink until it
is fully cured.2, 10 For many thermoset resins their window of processability can be exploited and
fine-tuned when making composites. Thermosets are rigid and thermally stable, and due to
crosslinking nature they are insoluble and can also withstand many solvents.2, 10 Thermosets
have an advantage due to their crosslinked structures that, although they can be softened and
deform when heated, they do not fuse or liquefy.3, 7, 14 Table 1.2 below shows some of the
common thermosets and their properties.2

Table 1.2

Properties of common Thermosets

Resins
Epoxy
Phenolics
Polyesters
Vinylesters

Density
(g/cm3)
1.2 ~ 1.4
1.2 ~ 1.4
1.1 ~ 1.4
1.04 ~ 1.1

Tensile modulus
(GPa)
2.5 ~ 5.0
2.7 ~ 4.1
1.6 ~ 4.1
3.2 ~ 3.6

Tensile strength
(MPa)
50 ~ 110
35 ~ 60
35 ~ 60
68 ~ 80

Taken from “Savage, E., Carbon-Carbon Composites. Springer Netherlands: 1993; Vol. 1, p
389.”
1.1.2

Carbon Fiber reinforced Polymer & Carbon-Carbon Composites
Carbon fiber is becoming more and more popular and finding its way into various

applications and industries. The market for carbon fiber is expected to grow by USD 4.7 billion
in 2019 to USD 13.3 billion by 2029.15 The main reason for this growth is due to an increasing
4

demand from aerospace & defense, automotive, and wind energy industries.15 One of the
industries that have benefited from PMCs, specifically carbon fiber reinforced PMCs, is the
aerospace field. They have slowly moved from conventional metal-based materials towards
carbon composites and mainly due to the benefits that it brings. 2 Carbon fiber when incorporated
into a polymer matrix helps determine the stiffness and the strength of the composite. 10 Although
the carbon fiber is important to the overall properties of the composite, choosing the right
polymer matrix is also equally important.10 The matrix resin will ultimately determine the
maximum working temperature of the composite, overall durability, and the processing
parameters.2 Epoxy is one of the most common pre-thermoset resins used with carbon fiber, but
others, such as polyester, vinyl ester, as well as thermoplastic resins have been developed. Also
considering the variety of carbon fibers along with the different type of resins, has given carbon
fiber reinforced PMCs an important role in terms of applications to various industries. 10 One
such example is shown in Figure 1.2, a part of Boeing 787 Dreamliner which is the first
commercial airplane with greater than 50 percent of carbon fiber composites.16

5

Figure 1.2

A Boeing 787 Dreamliner fuselage

Carbon fiber composites are used in the making of Boeing 787 Dreamliner 16

reprinted from Nikkei
Carbon fiber costs flatten Toray's quarterly profit. https://asia.nikkei.com/Business/Companies/Carbon-fiber-costs-flatten-Torays-quarterly-profith (accessed June 5, 2020).

Carbon-carbon composites (CCC) are composed of carbon fibers and a polymer
matrix that is carbonaceous. The goal of CCC is to take the advantages of both the carbon fiber
and polymer matrix to make a material that utilizes the benefits that both have to offer.3 CCCs
have been incorporated into rocket nozzles and re-entry parts, these parts were produced using a
low modulus rayon-precursor carbon fiber.2 CCCs are primarily seen in aerospace and military
applications but they are also used for specific high temperature applications for example the
brakes used in aircraft and automobiles.3, 8 Many small parts that require temperature exposure
are made of CCC. One of the main reasons why the cost of CCCs is expensive is due to the long
processing time required.2 The polymer matrix that is used in CCCs are high char yielding and
these resins are usually phenolics and polyaromatics. 5 CCCs is very useful where the cost can be
justified, for example by improving performance to prevent oxidation in the aerospace industry. 8

6

There is still room for improvement especially when it comes to the matrix resins used where
mechanical properties can still be improved upon.

1.1.3

High Temperature Resins & Polyarylenes
High temperature resins are also referred to as high carbon yielding matrix precursors.

They are high carbon yielding mainly due to the high carbon content in their starting structure
and the mechanism of carbonization. The most common group of resins are generally known as
phenol-formaldehyde resins and furan resins.2 These resins are generally taken to high
temperature after which they can retain a high carbon yield composite.2, 17 Phenolic resins are the
go-to resins for carbon-carbon composites, phenolic resins are attained by the condensation
polymerization between phenol and formaldehyde. Phenolic resins are used in the preparation of
CCCs for their high yielding carbon content.2, 10 These resins can also be modified with
isocyanate, benzoxazine and others to achieve an even higher carbon yield. 10
Phenolic resins are one of the most used resins to prepare CCCs. One of the advantages
of using phenolic resins is its char yield, which ranges between 40 to 50 percent. Phenolic resins
are formed by the condensation polymerization reaction between phenol and formaldehyde.
Phenolic resins have high strength and good thermal properties, which are mainly from the
degree of crosslinking present in the chemical structure. The more crosslinked the resin is, the
more rigid and thermally stable the product becomes. Phenolic resins are so common because
their structure can easily be modified, which then results in different mechanical and thermal
properties in the product. Usually these modifications are done with a desired property in mind.
Phenolic resins are commonly used for the initial impregnation of the carbon fibers in CCCs
followed by the carbonization cycle. Phenolic resins start with a high carbon content which can
7

mainly be seen from its structure. Below is a chemical structure for the commercially available
phenolic resin known as Novolac.

Figure 1.2

Novolac Structure

Novolac polymer made from the condensation polymerization between phenol and
formaldehyde.10

Another high temperature resin that is widely used is bismaleimide (BMI). BMI is made
from vinyl-type polymerization of a prepolymer which has two maleimide groups. What makes
BMI interesting is its continuous-use temperature, which ranges between 230 - 320° C. BMI is
not usually used in its pure form, it is usually mixed with a co-monomer which gives it a better
processability.10 One field or industry that can highly benefit from this resin is the aerospace
industry or any high-performance application.10 BMI offers high strength and rigidity at high
temperatures, with high resistance to most solvents including chlorinated solvents. BMI are
excellent for structural applications where the use of metal can be replaced. BMIs are widely
used for high-performance applications as a resin matrix for fiber reinforced composites.18 Its
high temperature and long cure time gives BMI a good processability window for composites
which can be taken advantage of.
Polyacrylonitrile (PAN) is an organic precursor fiber used to make high modulus carbon
fibers. The carbon fiber fabrication process follows four essential steps, fiberization procedure
which is used to make the precursor fiber. Followed by stabilization which helps the fiber from
8

melting at high temperatures.3 Carbonization then follows to remove any noncarbon elements.
Last step involves graphitization which improves the properties from the carbonization step. In
1961, Shindo from Japan recognized PAN as a suitable precursor for carbon fiber. Now over 90
% of carbon fibers are made from PAN based precursors. 3 PAN based carbon fibers have high
strength which ranges from 3.5 to 7 GPa and a Young’s modulus between 200 and 500 GPa. The
main industries which uses PAN based carbon fibers are aerospace, military vessels and it is also
seen in the automotive industry to make lightweight structures. Not only does PAN carbon fibers
have high strength but they also have the ability to conduct electricity and dense layers of carbon
fiber can be used to shield electromagnetic waves.
Advanced carbon-carbon composites (ACC) are used for hot structures such as rocket
nozzles and reentry vehicles such as the space shuttle and other aerospace vehicles. American
advanced carbon-carbon composites is primarily produced by Carbon-Carbon Advanced
Technologies (C-CAT).5 The composites that are produced is divided into ACC-3, ACC-4 and
ACC-6 which the number signifies the varying cycles of impregnation and carbonization to
improve the mechanical properties. ACC-6 is the industry standard for carbon-carbon
composites, and it is made from T300 PAN-based carbon fiber.5 The fiber is then impregnated
with phenolic resin and coated with various pre-ceramic polymers which is then coated with a
sealant.5 ACC-6 has improved mechanical and thermal properties, as well as being oxidation
resistant. The properties that ACC-6 has to offer are sought after and are implemented in hot
structures, as a result ACC-6 has become the industry standard for advanced carbon-carbon
composites.

9

NASA has developed its own high temperature resin that is derived from a polyimides.
Phenylethyl-terminated imides (PETI) are resins that achieve very high glass transition
temperatures.18 NASA has developed PETI-298, PETI-330, PETI-365, the numbers indicate the
glass transition temperatures for each resin. Crosslinking of the resin have the advantages of
being thermally stable at high temperatures mainly due to phenylethyl groups. As a result the
resin yields a product that has the desired toughness and oxidative stability.1, 19 One of the
disadvantages of these resins is the cost associated with producing them which is expected to
improve over time.1, 19 Some of the benefits of this resin include excellent mechanical properties.
Processing is simplified since it is developed for resin transfer molding and resin infusion. This
is also a solvent free process, meaning no volatiles are given off when it is cured. One of the
advantages of using PETI as a resin is that it is thermally unreactive until about 300°C. The
advantage of this is that the product develops toughness and is resistant to microcracks and has
good oxidative stability.17 Some of the applications of this resin includes structural components
for aerospace vehicles, automotive exhaust parts, and also electronic parts.
Natural fibers such as silk produced from silkworms and spiders are protein based and are
natural composites. Depending on the source of the silk, the properties such as size and
dimension can differ. Silk has many properties that make it promising with the biggest and most
exploited property being is its mechanical strength. The textile industry makes good use of its
mechanical strength to produce various textiles. It also has good moisture absorbance. Silk can
also be combined with other biopolymers such as cellulose fibers and chitin from crabs are used
to improve the properties and also incorporate biocompatibility. 20 Silk fibers have been used for
sutures for wounds because of its strength and biocompatibility. Resins and hydrogels have also
been developed incorporating silk for its mechanical properties.21
10

1.1.4

Mono-ortho-diynylarene and Bis-ortho-diynylarene
Mono-ortho-diynylarene (MODA) and bis-ortho-diynylarene (BODA) are resin matrix

precursors. These polyarylenes are unique in that they contain acetylene groups which play a
unique role in the polymerization mechanism. The materials produced from these precursors
have the ability to be thermally stable at high temperatures and are moisture and solvent
resistant. Another key feature of these polyarylenes is that they can have high carbon yields. The
chemical structures for both MODA and BODA can be seen in Figure 1.3.22 A variety of BODA
monomers can be synthesized depending on the “X” linkages seen in Figure 1.3. These
precursors undergo polymerization through a heat-initiated Bergman cyclization reaction seen in
Scheme 1.23 One benefit of this mechanism compared to that of phenolic resins is that curing is
accomplished at high temperatures without any volatiles.2 MODA and BODA are unique in that
unlike other polyarylenes in the past, these precursors have improved melt and solution
processability, which makes these precursors very attractive for CCCs.

11

Figure 1.3

Structures of mono-ortho-diynylarene (MODA) and bis-ortho-diynylarene
(BODA) monomers

Structures of MODA and BODA monomers, where “X” represents the different bridging groups
for the BODA monomer.

Scheme 1.1

Heat initiated Bergman Cyclization

Bergman cycloaromatization which was named after Robert G. Bergman23

12

1.2

State of the Art and Advanced processing
Hand lay-up molding is a method of making composites. In this method, fiber sheets are

laid down in a mold and the matrix resin is then applied to the appropriate thickness. As one can
imagine this method is very time consuming and very labor intensive. 2 That being said it is one
of the most common processing methods. This process provides the ability to change the
orientation of the fibers and since this is being laid down by hand this process is ideal for oddly
shaped objects. Figure 1.4 shows what this technique looks like.24 This process can be assisted
using a vacuum bag or by applying pressure. Using an autoclave or a vacuum bag high pressures
can be achieved which aids in adhesion and bonding.25 The resin can be applied by hand using a
roller or a brush or can be sprayed on.

Figure 1.4

Hand lay-up Process

Hand lay-up technique used in the making of composites.2
13

Another technique that is commonly used in the making of composites is using prepregs.
Prepregs are essentially a tape of fibers which is already impregnated with a polymer resin. The
resin used in making the prepregs is B-staged, meaning that the resin is only partially crosslinked and in this form the resin has a sticky or tacky characteristic to it. 25 The B-staged resin
gives the prepregs the ability to be stored for long periods of time especially at colder
temperatures. Prepregs can be used as is without further use of resin, and usually they are sold as
sheets to the end user.25 This technique is much more efficient and consumes less resin than
compared to the hand lay-up process. In the case of carbon-carbon, prepregs are made with
higher than normal resin content to account for the weight loss that happens when it undergoes
carbonization.2, 25
There is another technique where layers of fibers are laid in a mold and compressed, this
is known as compression molding. An improved version of this technique is known as resin
transfer molding (RTM). Just like compression molding the layers of fibers are laid in a
matching mold set to aid in reinforcement. The mold is then clamped down and a low viscosity
resin is then pumped into the mold and the excess is vented. This process can be seen in Figure
1.5.26 The benefit of this technique is that the resin fills the voids of the mold and little to no
voids are left within the mold. This process can also be enhanced using vacuum. There are many
advantages of using this process versus hand lay-up. This technique consumes less resin than
compared to hand lay-up, it is also much faster and produces more parts efficiently than
compared to hand lay-up. Complex shapes can be achieved through this process much easier
than hand lay-up. There are, however, some disadvantages associated with this process one being
that the size of the product that is made is depends on the mold. So very large objects are not
easily made by this process.
14

Figure 1.5

Vacuum assisted resin transfer molding (VARTM)

A panel undergoing the VARTM process26 reprinted from

Resin Transfer Molding.

http://songwoltech.com/en/molding/ (accessed June 10, 2020).

Resin transfer and vacuum assisted resin transfer (VARTM) is very similar to the RTM
processing technique but there are differences that set them apart. RTM is a closed mold process
and operates under pressure, VARTM on the other hand is a single face mold which operates
under vacuum.27 The biggest benefits of VARTM is that size no longer becomes an issue and
this is due to the single face mold. This process allows for resin to be visually monitored to
ensure there is proper coverage which produces parts without any kind of void. 3, 8 This process
is more affordable compared to other techniques, and it uses less resin, which adds to the cost
saving.3, 7 This technique is used to fabricate structural armor parts for ground vehicles and other
large-scale structures.28-29 One of the requirements for this technique is that the resin has a low
viscosity at room temperature so that proper infusion can take place with the fibers and it should
also have a low curing temperature.3, 28
Another state of the art processing technique that is used in the industry is known as
Pultruded Rod Stitched Efficient Unitized Structure (PRSEUS). 30-31 This technique was
15

developed mainly to improve structural performance while at the same time reducing fabrication
costs.32 All the materials in this technique are dry so as a result there is no out-time or autoclave
requirements.30, 33 The assemblies are stitched, and resin infusion is accomplished using a softtooled fabrication which refers to the type of molding process. One way this technique can save
on cost is by using what is called “out-of-autoclave to cure parts.”31-32 Traditional autoclave has
some disadvantages that this technique addresses such as; long cycle time, high pressure, costly
tooling, and huge footprint.33 What makes this technique even more valuable is that it utilizes
stitching technology to aid in control and damage propagation. Stitches are strategically placed
along key structural interfaces; this leads to optimum strength of the panel produced.30

Figure 1.6

3D preforms constructed using PRSEUS method

Hybrid wing body section constructed using the PRSEUS technique30 reprinted from Velicki, A.; Jegley,
D. C., PRSEUS Structural Concept Development. In 52nd Aerospace Sciences Meeting, American Institute of Aeronautics and
Astronautics: 2014.
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The stitching of preform composites is accomplished using an automated stitching robot,
which is shown below. Marvin B. Dow Stitching Center, located in Mississippi State University,
houses one of these stitching machines and is capable of fabricating large scale composite
structures for aircraft and aerospace applications. 34 The center has state-of-the-art equipment and
access to Boeing engineers. The center was awarded to the university for excellence in
aerospace engineering from Boeing.34

Figure 1.7

Automated Stitching Robot

Automated stitching robot used in stitching composite parts located at Marvin B. Dow Stitching
Center.34 reprinted from Gardner, D., Boeing, NASA, MSU open Marvin B. Dow Stitched Composites Center. The Reflector
2019.

1.3

Hypersonic Vehicles
A growing area of research where carbon-carbon composites can be utilized is hypersonic

vehicles. These vehicles travel through the atmosphere faster than five times the speed of sound.
The biggest challenge that arise at such speeds is the materials that are used. The materials that
17

make up the vehicles need to be able to withstand the high temperatures that arise from traveling
at that speed. As a result, vehicles require unique materials and advanced manufacturing process.
For this purpose, intense research is undergoing to develop the next generation of materials that
can meet this need. Currently carbon-carbon composites are used in vehicles such as the space
shuttle as mentioned above, and the primary use is for oxidation-resistant to protect the nose cap
and the sides of the wing from extreme temperatures. Hypersonic vehicles can utilize carboncarbon composites to develop ideas and further new materials that can also withstand high
temperatures. As one can imagine chemistry plays a major role in the development of these
materials and having a better understanding on carbon-carbon composites can help push this
development to new heights.
1.4

Objective
The goal of this project is to study the processing window for the co-polymerization of

MODA and BODA monomers and to understand the interaction between the carbon fiber and
these monomers. In previous studies done by this group it was shown that BODA monomers
provide large melt processing windows.35 Little is known in terms of the co-polymerization of
MODA and BODA monomers and how this affects the processability window. In order to study
the processability, a series of differential scanning calorimetry experiments well be conducted.
This window of processability is key in making composites and understanding how the copolymerization can extend or benefit the processability is important. The thermal stability of
BODA monomers will also be examined to better understand the weight loss when subjected to
high temperatures. Thermogravimetric analysis will be used to examine the thermal stability of
the BODA monomers. There is also very little known about the incorporation of carbon fiber
with the BODA and MODA monomers. To study this interaction between the carbon fiber and
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BODA and MODA monomers, Thermogravimetric analysis will be used as well as a hightemperature furnace. The purpose of studying the BODA and MODA monomers with the
incorporation of carbon fiber is to better understand surface morphology. Understanding surface
morphology is an important aspect of composites. Showing how fiber and matrix interact and if
any voids or cracks form can help to better understand the composites that are made. This thesis
seeks to understand the co-polymerization of BODA and MODA monomers and the impact it
has on processability as well as understanding the interaction of these monomers with carbon
fiber.
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CHAPTER II
SYNTHESIS AND COPOLYMERIZATION OF MODA AND BODA
2.1

Introduction
Mono-ortho-diynylarene (MODA) and bis-ortho-diynylarene (BODA) monomers are

used to prepare polyarylenes through the Bergman cyclization mechanism. The synthesis and
copolymerization of MODA and BODA will be discussed along with their characterization.
Polyarylenes are a class of high-performance polymers that have many benefits such as
thermal and oxidative stability, great chemical rigidity, and optical activity.35 Theses highperformance polymers do however have some pitfalls such as poor melt and solution
processability. An attempt to resolve the processability issue, there have been strategies to
include flexible groups to yield branched or hyperbranched polymers. 35 In an effort to yield
polymers that give good processability and alleviate the monomer synthetic obstacle. 22 The
synthetic methodology developed by our group uses thermally initiated Bergman
cyclopolymerization of aromatic enediynes.35 Generally Bergman cyclization products yield
linear systems of polyaromatics. However, further research led to these systems having a more
complex structures, which are made up of complex copolymers.35 What makes MODA and
BODA monomers special and what makes this work greatly improved is the melt and solution
processability.35
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2.2

Experimental Methods

Materials
Chemical reagents and solvents were purchased from Sigma Aldrich purity ≥99% Oakridge
Chemical and were used as supplied without further purification unless otherwise stated. T300
carbon-fiber fabrics were supplied by Toray Carbon Fibers America, Inc.

Nuclear Magnetic Resonance Spectroscopy (NMR)
All synthesized monomers were characterized using 1H NMR and 13C NMR spectroscopy,
using Bruker AVANCE III 300 and 500 MHz NMR instrument, monomers were all dissolved in
deuterated chloroform. For monomers containing fluorine, 19F NMR was taken.

Thermogravimetric Analysis (TGA)
This analysis was done using a (TA Instrument) Q50, to test the thermal stability of both the
monomers and polymers. 4 to 8 mg of samples were heated from room temperature to 1000 °C
under dry nitrogen and also compressed air at a constant heating rate of 3 °C/min. The data
obtained was analyzed using the TA universal analysis software and the plots were created using
OriginPro.

Differential Scanning Calorimetric (DSC)
DSC analysis was conducted using a (TA Instrument) Q200, at a rate of 3 °C/min to a maximum
temperature of 400 °C. This analysis was done to study the thermal order-disorder events and to
obtain any Tg or Tm of the homo- and co-polymers. The data obtained was analyzed using the TA
universal analysis software and the plots were created using OriginPro.
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Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was conducted using an Agilent Cary 630 spectrophotometer equipped with a diamond
crystal ATR sample head.
2.3
2.3.1

Results and Discussions
MODA and BODA Monomer Synthesis
MODA and BODA monomers were synthesized by the following methods, which were

previously reported by our group (Schemes 2.1 and 2.2). BODA monomers were prepared from
commercially available bisphenols and were purified using flash chromatography with silica.
Monomers were characterized using 1H NMR and 13C NMR. The synthesis of the BODA
monomers follows a three-step process, bromination, triflation, and Sonagashira cross
coupling36, which is seen in Scheme 2.2.

Scheme 2.1

Mono-ortho-diynylarene (MODA) monomer synthesis

This reaction is accomplished via Sonagashira coupling
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Scheme 2.2

2.3.2

Current synthetic route to bis-ortho-diynylarene (BODA) monomers

Synthesis of MODA

Synthesis of 1,2-bis(phenylethynyl)benzene
Was added to a 250 mL round bottom flask equipped with a magnetic stir bar was added 1.0 eq.
of 1,2-diiodobenzene, 3.0 eq. of ethynylbenzene along with 80 mL of tetrahydrofuran (THF) and
80 mL of triethylamine. A rubber septum was then placed in the round bottom flask then taped
down. The round bottom flask was then purged with argon for 15 minutes. In a separate 250 mL
round bottom flask equipped with a magnetic stir bar was added 0.1 eq. of copper(I) iodide and
0.05 eq. of Pd(PPh3)Cl2. A rubber septum was then placed, and the round bottom was then
purged with argon for 15 minutes. After both round bottom flasks was finished purging the first
round bottom flask was transferred to the second round bottom flask (while argon was still
flowing) using a cannula. After the transfer was complete the reaction was left stirring overnight
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at room temperature. After the reaction was complete, 50 mL of dichloromethane (DCM) was
added and the mixture was washed with three 100 mL portions of 10% HCl solution, followed
by one 100 mL wash with water. The organic layer was collected and evaporated using a
Rotavap. The organic solution was purified by flash chromatography on silica using 5% DCM:
hexane solution. 1H NMR (300 MHz, CDCl3): δ 7.30 (m, 6H), 7.15 (m, 8H) All other
spectroscopic results agreed with the reported literature.
2.3.3

Synthesis of BODA 6F

Synthesis of 2,2-Bis(3-bromo-4-hydroxyphenyl)-1,1,1,3,3,3-hexafluoropropane
To a 250 mL two neck round bottom flask equipped with a magnetic stir bar and a gas vent with
calcium sulfate attached, was added 20 mL of glacial acetic acid (HOAc) and 120 mL of
dichloromethane (DCM). 10 g (29.74 mmol) of 2,2-bis(4-hydroxyphenyl)-1,1,1,3,3,3hexafluoropropane and 332.1 mg of iron powder (5.948 mmol) was added. 9.7 g of bromine was
then added dropwise using an addition funnel. The reaction mixture was left running for 48 hr.,
after which it was washed with saturated aqueous sodium bicarbonate solution using a separatory
funnel and twice with deionized water. The organic layer was dried over sodium sulfate, filtered,
and evaporated providing 15.49 g of a yellow powder.
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Synthesis of 2,2-Bis(3-bromo-4-trifluoromethanesulfonatophenyl)-1,1,1,-3,3,3hexafluoropropane
The brominated bisphenol (15.49g, 31.3 mmol) was dissolved in 10.5 mL of dichloromethane
and 70.5 mL of dry triethylamine in a 150 mL round bottom flask equipped with a stir bar. The
mixture was maintained between 8-12 °C, as 22.1 g of trifluoromethanesulfonyl chloride which
was dissolved in about 20 mL of dichloromethane was added. The mixture was stirred for 4 hr.,
after which the black solution was filtered out using a flash column with silica twice. The
mixture was then washed using a separatory funnel two portions of aqueous 5 % HCl (50 mL)
and two portions of saturated sodium bicarbonate solution (50 mL) and lastly once with water.
The organic layer was then dried over sodium sulfate, filtered, and evaporated to provide 10.92 g
of colorless crystals. 1H NMR (300 MHz, CDCl3): δ 7.2 (4H, br, m), 7.43 (2H, s). All other
spectroscopic results agreed with the reported literature.

Synthesis of 2,2-Bis(3,4-di(phenylethynyl)phenyl)-1,1,1,3,3,3-hexafluoropropane
To a single neck 150 mL round bottom flask equipped with a magnetic stir bar was added aryl
dibromide ditriflate (5g, 6.59 mmol) along with Pd(PPh3)Cl2 (462.5 mg, 0.659 mmol), the flask
was then taped down and purged with argon for 15 minutes. In a separate single neck 150 mL
round bottom flask equipped with a magnetic stir bar was added 25 mL of DMF and 25 mL of
triethylamine and (4.03g, 39.54 mmol) of phenylacetylene. The flask was then taped down and
purged with argon for 15 minutes. Once the purging was complete the second flask containing all
the solutions was transferred to the first flask using a cannula. After the transfer was complete
the reaction was heated to 90 °C overnight. After the reaction was complete 50 mL of DCM was
added and the mixture was washed with three portions of 10% HCl solution, followed by one 50
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mL wash with water. The product was purified using column chromatography. 1H NMR (300
MHz, CDCl3): δ 7.31-7.43 (13H, br, m), 7.54 – 7.63 (13H, br, m) 13C NMR (300 MHz, CDCl3):
δ 87.43, 87.68, 94.74, 95.57, 122.94, 122.98, 126.36, 127.15, 128.55, 128.60, 128.91, 128.98,
131.83, 131.92, 131.93, 132.73, 133.34. 19F NMR (300 MHz, CDCl3): δ -63.37 (s).
2.3.4

Homo-polymerization and Co-polymerization
Homo- and co-polymerization studies of MODA and BODA monomers was achieved

using differential scanning calorimetry (DSC). This was done by weighing out 3 to 5mg of the
monomers and placing it in a TA low-mass aluminum pan which was then sealed. Alongside the
sample pan there was also a blank pan which was used as a reference. The sample was then
subjected to a heat-cool-heat cycle (4 heating cycles, and 4 cooling cycles) at a rate of 3° C per
minute to 400 °C. This same heating and cooling schedule was used for the co-polymerization
studies. DSC gave insight into understanding a few important parameters such as melting
temperature (Tm) and the temperature at which polymerization begins. Figure 2.1 shows the first
heating cycle for each of the BODA monomers.
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Figure 2.1

Differential Scanning Calorimetry for bis-ortho-diynylarene (BODA) Monomers

The same DSC study was performed for the MODA monomers, three different variants
of the monomer were analyzed. The scheme below shows the three different MODA monomers
undergoing the Bergman cyclization reaction. The DSC was conducted in the same manner as
above, weighing a few milligrams into a TA low-mass aluminum pan which was then sealed.
The sealed pan containing the monomer was placed alongside a blank pan into the DSC
instrument. The sample was then subjected to a heat-cool-heat cycle (4 heating cycles, and 4
cooling cycles) at a rate of 3° C per minute to 400 °C.
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Scheme 2.3

Distinct Homo-polymerization of MODA substitution variants

Three variants of MODA undergoing heat-initiated polymerization in DSC
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Figure 2.2

Differential Scanning Calorimetry for of MODA monomers

The DSC of the three different variants of MODA
From the DSC thermogram graph in Figure 2.1 the melting temperature for each of the
BODA monomers can been seen along with the onset for the exotherm. This is detailed in Table
2.1 below. In the melt form the BODA monomers have an exothermic polymerization that begins
at 200 to 220 °C. Changing the “X” bridging group also affects the flexibility and overall
processability of the resin during the polymerization. Comparing this data with the MODA
monomers in Table 2.2 the exotherms are smaller. It is known that the trans alkyne distance
between two ortho-diynes in the monomers has a significant effect on the activation energy of
the Bergman cyclization.37 This is shown in Table 2.2 as the MODA substituent is varied and the
trans alkyne distance is greater the activation energy also increases. Since MODA is already in a
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viscous melt form at room temperature, no Tm is observed. In the case of phenyl ethynyl benzene
a second exotherm begins to appear around 300 °C very subtlety which is seen in the bottom
thermogram graph in Figure 2.2.
Table 2.1
Monomer
BODA-6F
BODABiphenyl
BODAEther

Polymerization Events for BODA Monomers
Tm
peak
(°C)
165

Texo
peak
(°C)
287

389

*Exotherm -ΔH
Reported lit
(kJ/mol)
457.6

173

309

325

95

290

483

Exotherm -ΔH,
(kJ/mol)

115

*Ea
Reported lit
(kJ/mol)
121

324.8

81

-

483.3

121

129.7

Ea
(kJ/mol)

Differential scanning calorimetry of BODA monomers at heating rate of (3 °C/min) in nitrogen
*Exotherms and Ea were obtained from Shah, H. V.; Babb, D. A.; Smith, D. W., Bergman cyclopolymerization kinetics of
bis-ortho-diynylarenes to polynaphthalene networks. A comparison of calorimetric methods. Polymer 2000, 41 (12), 4415-4422

Table 2.2

Polymerization Events of MODA Monomers

Monomer
Diethynyl-MODA
Phenyl ethynyl-MODA
Biphenyl-MODA

Texo
peak
(°C)
139
166
305

Exotherm -ΔH,
(kJ/mol)

Ea
kJ/mol

117
159
343

57
80
172

Differential scanning calorimetry of MODA monomers at heating rate of (3 °C/min) in nitrogen.
From the thermogram graphs obtained, the melting point and the peak temperature of the
exotherm were both obtained and given in each table above. This data is consistent with
previously reported data from the group.38
After examining the homo-polymerization of both MODA and BODA monomers the copolymerization of biphenyl MODA and BODA ether was studied using DSC in the same
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manner. Scheme 2.4 below shows the heat-initiated co-polymerization occurring in the DSC and
the resulting idealized structure is shown.

Scheme 2.4

Co-polymerization of biphenyl MODA and BODA ether

Heat-initiated co-polymerization of MODA and BODA ether in DSC

Figure 2.3

MODA and BODA ether co-polymerization

Co-polymerization study of 1:2 MODA to BODA ether at different heating rates
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Table 2.3

Polymerization Events of 1:2 MODA to BODA Co-polymerization
Entry

BODA Ether
1:2
MODA to BODA
Ether

Heating
rate
(°C/min)
3
5
7
10
20

Tm
peak
(°C)
96
157
158
157
160

Texo
peak
(°C)
290
294
303
310
322

Exotherm -ΔH,
(kJ/mol)
483
438
438
469
475

Co-polymerization DSC study at varying heating rates

The co-polymerization of biphenyl MODA and BODA ether at a 1: 2 ratio is seen in
figure 2.3. This DSC was taken at varying heating rates along with the pure BODA ether for
comparison. The purpose of this experiment is to see the effect that MODA has on the onset of
polymerization. The melting temperature, along with the exotherm onset and the enthalpy are
recorded in Table 2.3. This study shows that when MODA is added as a co-monomer the melting
and exotherm values are all shifted to higher values meaning that MODA extends the onset of
polymerization thereby expanding the processability window. This is seen in table 2.3 especially
when compared to the pure BODA ether, the co-polymerizations have higher melting
temperatures as well as enthalpy values. Although the melting temperatures and exotherm peaks
all increased compared to the pure BODA ether, the enthalpy values did not have much change.
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Figure 2.4

TGA of BODA Monomers

TGA 1000 °C at 3 °C/min in nitrogen

Figure 2.5

TGA of BODA Monomers with Carbon Fiber

TGA 1000 °C at 3 °C/min in nitrogen
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It is important to understand the thermal stability of these monomers, and for this
purpose, thermogravimetric analysis (TGA) was conducted. Figure 2.4 shows the TGA results
for the BODA monomers conducted in nitrogen. This experiment was then repeated
incorporating carbon fiber and the thermograph is shown in Figure 2.5.
The TGA in Figure 2.4 shows that the BODA monomers are stable to about 450 °C
without much weight loss. BODA biphenyl had an initial drop in weight percent compared to the
other two samples and this can be attributed to the sample containing trace amounts of solvent or
impurities. The carbonized products appeared glass like, this is a characteristic that is highly
sought after for high thermal, oxidative, and high-performance properties.39-40 Minimal weight
loss was seen with the pure samples, the experiment was repeated using T300 carbon fiber in the
hopes that the weight loss would be decreased and to have an idea of how the BODA samples
withstand high temperatures with the incorporation of carbon fiber. Figure 2.5 shows the TGA
result with carbon fiber.
In the second experiment it shows that the addition of the carbon fiber with the BODA
monomers gave a much higher weight percent than compared with the original TGA of just the
monomers. As seen in Figure 2.5 with the addition of carbon fiber the lowest wight percent was
around 78%. Since carbon fiber is already very thermally stable it is expected to have good
thermal stability when incorporated with the BODA monomers. In each experiment the sudden
decrease in percent weight around 500 °C shows that the carbonization process is taking place.
This shows that the BODA monomers can withstand extreme temperatures and still maintain a
respectable percent weight loss, and the addition of carbon fiber helps minimize the percent
weight loss.
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2.3.5

Carbonization
Further investigation at how these monomers carbonize in the presence of carbon fiber

lead to making small composites for further analysis. Following a composite cure schedule each
sample was cured then carbonized. Infrared spectroscopy was taken of the pure sample, and once
again after it has been carbonized. For each carbonized sample imaging was taken using a
scanning electron microscope (SEM) to have a better understanding of the surface morphology
of the samples. In order to conduct this experiment, the samples were prepared in ceramic boats.
A layer of the monomer was first evenly laid down followed by a layer of T300 carbon fiber
followed by another layer of monomer which evenly covered the carbon fiber layer. The ceramic
boat was then placed inside a quartz tube which was placed inside a furnace capable of reaching
1500 °C. At the end of the experiment SEM images were taken of each carbonized sample as
well as infrared spectroscopy, the figures below show the infrared spectra of the pure monomer
and the spectra after the sample has been carbonized. Once the material has been carbonized at
1000 °C the morphology of the surface was analyzed using SEM. Higher temperature above
1000 °C was also sampled and Figures 2.11 and 2.12 show BODA composites that were taken
up to 1500 °C.
The infrared spectrum shown in Figure 2.6 of the BODA 6F monomer is compared to the
carbonized composite and as expected the carbonized composite shows much of the infrared
vibration minimized compared to the noncarbonized monomer. This is showing that the
carbonization is forming a complete polymer network and once it reaches high enough
temperatures it takes on the form of glassy carbon. One common stretching frequency that is
seen in all three of the BODA monomers is the phenyl wagging vibration which appears near
754 cm-1 this stretching frequency can be seen in the IR for the pure monomers, then disappears
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for each of the carbonized samples, suggesting that the polymer network has formed and that
phenyl wagging vibration is no longer observed.

Figure 2.6

Infrared spectroscopy of BODA 6F

Infrared spectroscopy of the BODA 6F monomer and the glassy carbon after carbonization.
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Figure 2.7

Infrared spectroscopy of BODA biphenyl

Infrared spectroscopy of BODA biphenyl and the glassy carbon after carbonization.

Figure 2.8

Infrared spectroscopy of BODA ether

Infrared spectroscopy of BODA ether monomer and the glassy carbon after carbonization.
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Figure 2.9

SEM image of BODA ether composite at 1000 °C

Cross sectional view of a BODA ether composite at 1000 °C.

Figure 2.10

SEM image of BODA ether composite at 1000 °C

Signs of minimal voids and shows good fiber and matrix interaction
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Figure 2.11

SEM image of BODA ether composite cross section at 1500 °C

This fiber pull out shows the cross section interaction between the carbon fiber and the polymer
matrix composite.

Figure 2.12

SEM image of BODA ether composite cross section at 1500 °C

BODA ether composite which was heated further to 1500 °C.
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The carbonization of BODA ether monomers at 1000 °C shown in Figure 2.9 and 2.10 is
examined using SEM. As depicted in Figure 2.9 the fiber and the matrix has good interaction and
minimal voids, there was also no signs of propagating cracks that were observed. Looking at
Figure 2.10 it shows how well the carbon fibers are held together by the matrix, no major cracks
or voids are observed. These two figures conclude that the composite is very stable at 1000 °C.
Looking at Figures 2.11 and 2.12 this shows BODA ether composites that has been heated to
1500 °C. Starting with 2.11 this shows a single fiber and how it interacts with the matrix, it also
shows good wettability and the detail of the striation of the fiber is seen embedded in the matrix.
In a zoomed out version shown in Figure 2.12 the composite at 1500 °C shows no major cracks
or voids.
2.4

Conclusions
The MODA and BODA approach to making carbon composites uses a unique synthetic

chemistry to prepare polymer pre-networks that are thermally stable and are high-performance.
These monomers can be produced at large scales and can be cured to high temperatures. Using
DSC for the co-polymerization study it is seen that the MODA helps to extend the processability
window when it is co-polymerized with BODA. Overall, the co-polymerization shows the
addition of MODA extends the processability window. The thermal stability of the BODA
monomers was also examined and showed to have minimal weight loss. Incorporating carbon
fiber with BODA monomers was also examined to understand the thermal stability and how the
fiber interacts with the BODA monomers. The result shows the addition of carbon fiber with the
BODA monomers resulted in an increase of weight percent. The surface morphology which is
important to carbon composites was also examined using SEM imaging. The results showed
minimal cracks and no voids which is key for composites. performs well at high temperatures
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which are characteristics that are highly sought after in applications such carbon-carbon
composites, and devices. Unique synthetic approaches such as this are highly sought, mainly due
to the properties that are improved such as thermal stability at high temperatures which
ultimately yields in high performance materials. Further research is still needed on the copolymerization to help understand the processability such as understanding the viscosity and how
that ties processability. Incorporating carbon fiber to with the co-polymerized MODA and
BODA resin has yet to investigated.
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CHAPTER III
CONCLUSION AND FUTURE DIRECTION

Mono-ortho-diynylarene (MODA) and bis-ortho-diynylarene (BODA) monomers show
promising potential and take advantage of synthetic chemistry to achieve thermal stability while
offering improved processability and high-performance. MODA and BODA are unique in that
their polymerization is heat initiated. To understand the polymerization events differential
scanning calorimetric was utilized. The DSC shows that co-polymerizing the MODA and BODA
extends the onset of polymerization and in return expands the processability window. To better
understand the thermal stability at high temperatures thermogravimetric analysis was used. The
TGA shows that these monomers are stable at high temperatures with very little weight loss.
Further investigation is needed using TGA at higher temperatures with the incorporation of
carbon fiber.
Ongoing research is taking place to understand the viscosity so that the processability
window for making composites can be improved upon. Carbonization at temperatures above
1500 °C is also being explored. The future direction for this project includes achieving really
high carbonization temperatures, while maintaining the thermal stability and high-performance.
Also gaining an understanding of the mechanical properties of the carbon-carbon composites is
an area that needs further research. The ability for these materials to be 3D printed is another
direction that is also being investigated.
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